Rhomboids are intramembrane proteases that use a catalytic dyad of serine and histidine for proteolysis. They are conserved in both prokaryotes and eukaryotes and regulate cellular processes as diverse as intercellular signalling, parasitic invasion of host cells, and mitochondrial morphology. Their widespread biological significance and consequent medical potential provides a strong incentive to understand the mechanism of these unusual enzymes for identification of specific inhibitors. In this study, we describe the structure of Escherichia coli rhomboid GlpG covalently bound to a mechanism-based isocoumarin inhibitor. We identify the position of the oxyanion hole, and the S 1 -and S 2 0 -binding subsites of GlpG, which are the key determinants of substrate specificity. The inhibitor-bound structure suggests that subtle structural change is sufficient for catalysis, as opposed to large changes proposed from previous structures of unliganded GlpG. Using bound inhibitor as a template, we present a model for substrate binding at the active site and biochemically test its validity. This study provides a foundation for a structural explanation of rhomboid specificity and mechanism, and for inhibitor design.
Introduction
Proteases regulate myriad biological and medically important processes-indeed they are the targets of many important drugs (Turk, 2006) . Accordingly, they are some of the moststudied and well-characterised enzymes. Much less well understood, however, are the four recently discovered families of intramembrane proteases (site-2 metalloprotease (Rawson et al, 1998) , presenilin (De Strooper et al, 1999) , signal peptide peptidase (Weihofen et al, 2002) , and rhomboids ), which share the property of cleaving transmembrane regions of substrates, thereby releasing soluble intracellular or luminal/extracellular domains to act as biological effectors (Wolfe and Kopan, 2004; Freeman, 2008) . They seem to have evolved as proteases by convergent evolution, bearing no detectable phylogenetic relationship with the classical soluble proteases. Rhomboids were first identified in Drosophila as the cardinal activators of the EGF receptor signalling pathway (Wasserman et al, 2000; Lee et al, 2001; Urban et al, 2001) . Rhomboids have since been found in all kingdoms of life (Koonin et al, 2003; Lemberg and Freeman, 2007b) . The list of their biological functions is steadily growing but already includes growth factor signalling, quorum sensing, and protein translocation in bacteria, parasitic invasion by protozoa, and regulation of mitochondrial dynamics (Opitz et al, 2002; McQuibban et al, 2003; Urban and Freeman, 2003; Howell et al, 2005; Cipolat et al, 2006; O'Donnell et al, 2006; Stevenson et al, 2007; Baxt et al, 2008) . The initial proposal that rhomboids depended on a catalytic serine was indirect, relying on genetic analysis and cell culture-based assays Urban et al, 2001) . The ability to overexpress and purify rhomboid homologues from bacterial sources paved the way for in vitro assays of proteolysis; this proved that rhomboids by themselves are sufficient to cleave specific substrates without the requirement of additional proteins or subunits (Lemberg et al, 2005; Urban and Wolfe, 2005) . These in vitro studies further supported the serine protease classification, but implied that rhomboids were atypical, using a dyad of serine and histidine rather than the catalytic triad found commonly in classical soluble serine proteases (Hedstrom, 2002; Polgar, 2005; Ekici et al, 2008) .
Further mechanistic insight was inferred, and the final doubts removed regarding whether the active site was truly within the membrane bilayer, with the reports of the crystal structures of the prokaryotic rhomboids, GlpG from Escherichia coli and Haemophilus influenzae. They revealed that the core of the structure consisted of a 6TM helical protein (Wang et al, 2006; Wu et al, 2006; Ben-Shem et al, 2007; Lemieux et al, 2007) . Within this core, a short TM helix-4 and an extended loop-3 are surrounded by other helices to create a large hydrophilic indentation that opens to the periplasm. The catalytic serine found at the tip of TM4 and the general base histidine found in TM6 reside within this indentation, and are brought close together by tight packing of the TM helices. This active-site architecture, in conjunction with biochemical analysis, supported the conclusion that rhomboids are indeed a new family of enzyme.
Despite these advances in structural and biochemical analysis of rhomboids, the lack of any structure of enzymesubstrate or enzyme-inhibitor complexes leaves important questions to be answered. Understanding the catalytic mechanism of this new family of enzymes is of fundamental theoretical interest, but is also necessary for understanding their biological specificity, and being a key step in the identification and design of inhibitors. Indeed, no potent or specific rhomboid inhibitors have been reported, a gap that becomes more striking as evidence increases regarding their medical significance. In fact, the only inhibitor class reported to have any significant, although weak, activity against rhomboids is isocoumarin; potent and irreversible inhibitor of classical serine proteases Lemberg et al, 2005; Urban and Wolfe, 2005) .
Although isocoumarin inhibition has contributed to the argument that rhomboids use a variation of the classical serine protease catalytic mechanism, neither their specificity for the presumed catalytic residues of rhomboids nor their mechanism of inhibition of rhomboids has been determined. In this study, we describe the structure of a rhomboid protease covalently bonded to an isocoumarin inhibitor through both the active-site serine and histidine. The position and orientation of the inhibitor locates the oxyanion hole, a key structural characteristic of serine proteases. This proves that rhomboids act by a mechanism that closely resembles their soluble counterparts, thereby setting them in a clear enzymological context. Binding of inhibitor is accompanied by conformational changes in the active site, the loop-5, and TM helices-5 and -6. The acyl enzyme structure suggests how a substrate might bind at the active site and provides a rationale for how rhomboid specificity can be achieved.
Results

Structure of a bacterial rhomboid in complex with an inhibitor
Isocoumarin inhibition of classical serine proteases begins with nucleophilic attack by the catalytic serine, resulting in opening of the isocoumarin ring, and formation of an acyl enzyme (Powers et al 2002) . This can subsequently react with a nucleophile such as the catalytic histidine, to form a doubly covalent-bonded alkylated acyl enzyme, which is extremely stable ( Figure 1A ). Dichloroisocoumarin (DCI), a commonly used serine protease inhibitor, has modest activity against rhomboids (Lemberg et al, 2005; Urban and Wolfe, 2005) . However, its short half-life of 20 min or less in many commonly used buffers (Harper et al, 1985) limits its usefulness for crystallography. Indeed, efforts to react DCI with GlpG crystals have been unsuccessful, probably due to its instability in solution and rapid deacylation KR Vinothkumar et al, unpublished data) . In a screen of an isocoumarin collection generously provided by Dr Matt Bogyo (Stanford University), we identified a more stable compound, 7-amino-4-chloro-3-methoxy isocoumarin (aminomethoxy-isocoumarin; originally synthesised by Dr James C Powers, Georgia Institute of Technology), with a half-life of B13 h in phosphate buffer (Harper et al, 1985) , which inhibits GlpG with a half maximal inhibition of B6 mM ( Figure 1B) . Although there was a strong tendency of amino-methoxy-isocoumarin to disrupt GlpG crystals, we found conditions that allowed structural determination of the enzyme-inhibitor complex. The structure described here (PDB code 2XOW) was determined from a single crystal that diffracted to 2.09 Å (Table I) .
The change of GlpG crystals from colourless to yellowish orange, and an B6-Å reduction in the c-axis upon soaking with the inhibitor, indicated a probable reaction of the inhibitor, and an associated structural change of the enzyme. Indeed, the initial map after molecular replacement shows a region of continuous positive density connected with active-site residues serine 201 and histidine 254. This represents the inhibitor bound to the enzyme active site, forming an alkylated acyl enzyme ( Figure 1A and C). We observed the change in the unit cell and the formation of the doubly covalent bonded inhibitor independently in four different crystals. The inhibitor lies on the active site, B4.5 Å below the plane of the lipid head groups in the membrane (Figure 2A ). The amino group (see diagram of the different parts of the inhibitor molecule in Figure 2B ) of the inhibitor points towards the GlpG loop-3, whereas the methoxy group of the inhibitor points towards the gap between TM2 and TM5 and the lipid bilayer. The inhibitor amino group hydrogen bonds to a water molecule, and is in close contact to the main chain carbonyl oxygen of glycine 198. The oxygen atoms of the methyl acetate group form contacts with side chains of H150 and H254 ( Figure 2C ).
Formation of an acyl intermediate is one of the hallmarks of serine proteases, and the first description of serine proteases involved the trapping of an acyl intermediate, even before the sequence or structure was determined (Hartley and Kilby, 1950) . With the structure of an alkylated acyl enzyme of GlpG, we now demonstrate unequivocally that rhomboids are serine proteases that use a catalytic mechanism analogous, but not identical, to the classical soluble serine proteases. Moreover, the fact that aminomethoxy-isocoumarin reacts only with S201, confirms that this is indeed the reactive nucleophile in the enzyme. Although this has been suggested by previous biochemical and structural study (for review, see Lemberg and Freeman, 2007a) , and was hypothesised when rhomboids were first identified as proteases ), they do not share common ancestry with their soluble counterparts, so their mechanism cannot confidently be inferred by evolutionary arguments.
Location of the oxyanion hole
The catalytic efficiency, as defined by increased rate constant or decreased transition state energy, of classical serine proteases is enhanced by the oxyanion hole (Henderson, 1970; Robertus et al, 1972; Hedstrom, 2002) . In chymotrypsin, the main chain amides of the catalytic serine (S195) and a glycine two residues upstream (G193) stabilise the negatively charged oxyanion, a reaction intermediate that is formed from the carbonyl oxygen of the cleaved peptide bond. Residues contributing to the oxyanion hole in rhomboids have previously been tentatively suggested based on the structures (Ben-Shem et al, 2007; Lemieux et al, 2007) . The benzoyl carbonyl oxygen of amino-methoxy-isocoumarin mimics the substrate peptide carbonyl, allowing us now to identify its position as the oxyanion hole in GlpG, and to identify the probable residues involved ( Figure 2C and D) . The main chain amide of G199 (equivalent to G193 in chymotrypsin) points away from the active site, so, at least in the case of GlpG, cannot hydrogen bond to the carbonyl oxygen. However, there are four other potential hydrogenbonding donors in the vicinity of the benzoyl carbonyl oxygen. These include the main chain amides of S201 and L200, the side chain amide of N154 and the nitrogen (Ne) from the imidazole ring of H150. In this structure, the main chain amide of S201 forms a strong hydrogen bond with the benzoyl carbonyl oxygen of the inhibitor, whereas the other residues form hydrogen bonds that can be inferred from their lengths to be weaker ( Figure 2D ). Residues H150 and N154 are highly conserved in rhomboids. In GlpG, mutation of H150 to an alanine results in complete loss of activity, whereas the N154A mutant shows a reduction in the rate of cleavage (Baker et al, 2007) . However, in another rhomboid, YqgP from Bacillus subtilis, both these residues seem less important for catalysis (Lemberg et al, 2005) . These observations along with the inhibitor-bound structure suggest that there could be some redundancy in residues that stabilise the oxyanion, with the main chain amide of S201 having the major function.
Structural changes on inhibitor binding
A comparison of the inhibitor-bound acyl enzyme structure with that of the native enzyme without a substrate or inhibitor (PDB code 2XOV, for which an independent data set was collected; see Table I ) reveals several significant structural changes ( Figure 3A and B). In the native enzyme structure, loop-5, with two bulky methionine side chains (M247 and M249), caps the active site. It was observed that this loop is flexible and easily becomes disordered on soaking the crystals . In the acyl enzyme structure, we observe that loop-5 is ordered ( Figure 3C ) and lifted away from the active site, consistent with the view that it occludes the catalytic centre in the resting state of the enzyme. Accompanied with this movement of loop-5 is a slight displacement of TM5 and TM6 that flank loop-5. The average displacement of both these helices is B1.25 Å with the greatest deviation observed at the C-terminus of TM5 and N-terminus of TM6, in particular residues 250-252 The presence of chlorine and amino group at positions 4 and 7, respectively, increases the stability of isocoumarins and substitutions at position 3 and 7 can be selectively designed to inhibit specific serine proteases. Nucleophilic attack by the active-site serine on isocoumarin results in ring opening and formation of acyl enzyme. A subsequent reaction with a nucleophile such as histidine can result in a doubly covalent bonded alkylated acyl enzyme. Figure  redrawn from Powers et al, 2002. (B) In vitro cleavage and inhibition assay of Gurken fusion protein by GlpG. Bands are labelled as follows: FL for full-length fusion protein; E for enzyme; P1 and P2 for the two products released upon cleavage. Complete cleavage of the substrate has not been observed under these conditions. In this assay, the IC50 of amino-methoxy-isocoumarin is B6 mM. (C) Stereo view of a 2F o -F c map (blue mesh) contoured at 1.5s showing the active-site residues and the covalently bonded inhibitor in stick representation (with carbon, oxygen and nitrogen atoms coloured as green, red and blue, respectively). Water molecules are shown as red crosses.
( Figure 3D ). We observe little change in the position of loop-1 ( Figure 3A ) that points away from the body of the enzyme in the plane of the lipid bilayer. This loop was initially speculated to function in substrate recruitment (Wang et al, 2006) , but since then has been suggested to have a structural function (Baker et al, 2007; Bondar et al, 2009 ). Although our data do not rule out a role for loop-1 in the enzyme function, we see no evidence for its role in catalysis. We observe two significant changes at the active site of the acyl enzyme. First, covalent binding of the inhibitor to the active-site serine displaces a water molecule that is hydrogen bonded to S201 and H150 in the native enzyme ( Figure 3E and F). The benzoyl carbonyl oxygen occupies the position of this water molecule in the acyl enzyme. Second, the covalent bond between the inhibitor and H254 not only results in the displacement of the H254 side chain but also other residues in TM6 ( Figure 3D ). This movement also affects Y205 in TM4: a rotation of the side chain positions the aromatic ring to be perpendicular to the imidazole ring of H254 in the acyl enzyme structure as opposed to being parallel in the native enzyme ( Figure 3E and F). The hydroxyl group of Y205, which hydrogen bonds to a water molecule in native enzyme structure now points towards the main chain carbonyl of W236 in the acyl enzyme structure. To accommodate this movement of Y205, the side chain of W236 in TM5 adopts a different rotamer in the acyl enzyme. Overall, the acyl enzyme structure thus suggests the structural changes that are likely to occur during catalysis, including the opening of the active site by movement of the loop-5, accompanied by small changes in the nearby TM helices.
Substrate-binding subsites in GlpG
Most proteases cleave specific substrates, and such specificity is achieved by precise complementarity between the structures of enzyme and substrate. In particular, specific grooves and cavities in the enzyme structure often represent substrate-binding subsites (Neil et al, 1966; Blow, 1974) . Surface analysis of the rhomboid acyl enzyme structure reveals, within the hydrophilic indentation, two cavities on either side of the bound inhibitor. First of these cavities is in close proximity to the active site and the amino group of the inhibitor points into it ( Figure 4A ). This cavity is observed in all described rhomboid structures, and is filled with two or three water molecules (Wang et al, 2006; Wu et al, 2006; Ben-Shem et al, 2007; Lemieux et al, 2007) . In the native enzyme structure the side chain of methionine 249 from loop-5 plugs this cavity ( Figure 4B ). The second cavity observed only in the acyl enzyme structure is located on the opposite side of the catalytic dyad and the methyl acetate group of the inhibitor points towards it. This second cavity is largely defined by residues from TM4 and TM5 ( Figure 4A and B) and is hydrophobic in character. It is not fully formed in the native enzyme structure, where it resembles a shallow cleft ( Figure 4A ).
What do these cavities in GlpG represent? Substrate residues flanking the scissile bond are a major determinant in directing site-specific cleavage by proteases (Blow, 1974) . By convention, they are defined as P n -P 1 for the residues N-terminal to the scissile bond and P 1 0 -P n 0 for the residues C-terminal residues to the cleaved P 1 -P 1 0 bond (Schechter and Berger, 1967) . Several rhomboid proteases, including E. coli GlpG have recently been shown to recognise a substrate sequence motif that defines the cleavage site (Strisovsky et al, 2009) . Small side chains are preferred at the P 1 position of the substrate, whereas hydrophobic residues are favoured at P 4 and P 2 0 positions. We assume that corresponding binding sites in the enzyme (S subsites in standard protease nomenclature) are present to accommodate the side chains of these amino acids defined by the recognition motif. As the P 1 residue is the most constrained (Strisovsky et al, 2009) , the corresponding S 1 site is expected to be most prominent, as is the case for several soluble serine proteases (Blow, 1974; Bode et al, 1989; Perona and Craik, 1995) . In interpreting the cavities in GlpG, we further rely on two widely accepted views on substrate binding to rhomboids: (1) biological data show that rhomboids release N-terminal substrate domains into extracellular/periplasmic/luminal space (Freeman, 2008) , indicating that N-terminus of GlpG substrate points towards the periplasm; and (2) structural and functional evidence suggests that rhomboid substrates interact with the enzyme through the gap between TM2 and TM5 (Baker et al, 2007 ; Ben-Shem et al, 2007). On the basis of these considerations, our data strongly indicates that the cavity in GlpG in which the amino group of the inhibitor points is the S 1 subsite of GlpG. This is consistent with the fact this cavity is observed both in the native and acyl enzyme (Figure 4 ). In contrast, the second cavity is observed only on inhibitor binding and its relative distance from the catalytic residues leads us to propose that this could represent the S 2 0 subsite (in which hydrophobic P 2 0 residue binds). The identity of the S 4 subsite, in which the substrate's characteristic P 4 residue binds is not clear from either of the structures described here. GlpG. The orientation and the position of the benzoyl carbonyl oxygen of the inhibitor provides a guide to the probable position of the peptidyl carbonyl of the P 1 residue of the substrate-so that it is poised for a nucleophilic attack by the catalytic serine. To be consistent with the second stage of the classical serine protease catalytic mechanism, the amide of the P 1 0 residue of the substrate (the amino acid immediately C-terminal to the scissile bond) has been constrained in a position to be able to accept a proton from the catalytic histidine. Proteases and substrates typically form a b-stranded interaction at the active site, frequently engaging local hydrogen bonds (Tyndall et al, 2005) . With this in mind, we modelled a tetrapeptide of TatA (Thr-Ala-Ala-Phe), a prokaryotic (E, F) Active site of the native and acyl enzyme. A hydrogen-bonding network is observed in the active site of native enzyme with the activesite S201 hydrogen bonded to general base H254 and a water molecule (red sphere). The water molecule is in turn hydrogen bonded to H150, part of oxyanion hole. In the acyl enzyme, this water molecule is displaced due to the binding of inhibitor. The hydroxyl group of Y205 hydrogen bonds to a water molecule in the native enzyme, but due to the movement of H254 upon inhibitor binding, the hydroxyl now points towards the main chain carbonyl of W236.
rhomboid substrate (Stevenson et al, 2007) , into the GlpG active site, using docking and energy minimisation, manually modifying side chain rotamers, in particular those of methionines from loop-5. In our preferred model ( Figure 5A ), the side chain of the P 1 alanine of the TatA peptide points into the proposed S 1 cavity ( Figure 5A ). The side chain of phenylalanine at the P 2 0 position fits well into the proposed hydrophobic S 2 0 cavity. The aromatic ring of this phenylalanine forms contacts with W157, V204, Y205, and W236 residues from TM2, TM4 and TM5, respectively. In contrast, the side chains of the P 2 (Thr) and P 1 0 (Ala) residues face the solvent, which is consistent with the observed lack of specificity in these positions. With the current position of loop-5 ( Figure 5B ), the side chains of methionines 247 and 249 and phenylalanine 245 can form contacts with substrate ( Figure 5B ), suggesting that loop-5 might have a role in holding or stabilizing the substrate at the active site. As it is highly flexible, it is possible that loop-5 adapts to the substrate bound at the active site. Further substrate interactions with GlpG could occur through hydrogen bonding between the substrate and the extended loop-3 upstream of the active site. For instance, the amides of the P 1 and P 2 residues of the substrate are within hydrogen bonding distance of the carbonyl oxygen of G198 and the side chain carbonyl of Q189, respectively ( Figure 5C ). Importantly, this model of substrate binding is further supported by the fact that a P 2 -P 2 0 fragment of an unrelated rhomboid substrate, Drosophila Gurken, with the sequence Met-Ala-His-Ile, could be modelled equally well using the same constraints (Supplementary Figure 1) .
Mutations constricting S 1 cavity restrict P 1 specificity of GlpG
The depth and polarity of the proposed S 1 cavity is consistent with the observed requirement for small side chains at the P 1 (A) Positively and negatively charged amino acids are shown in blue and red, respectively, polar residues in light blue, and hydrophobic residues in grey. The active-site serine is coloured green and histidine is coloured orange. A hydrophilic indentation is evident in both structures, and the inhibitor molecule (in yellow stick representation) lies on it. Within this indentation the cavities observed in both structures are marked with red arrows. Water molecules are shown as cyan spheres. (B) Close-up view of the cavities in the native and acyl enzyme. The loop-5 in the native enzyme falls over the active site and plugs the S 1 cavity with the side chain of M249 (shown in magenta and stick representation). In the acyl enzyme, the amino group of the inhibitor points towards the S 1 cavity (loop-5 not shown for clarity). In both these structures the S 1 cavity is filled with three water molecules (cyan spheres). A second hydrophobic cavity fully formed only in the acyl enzyme could represent the S 2 0 cavity.
position, such as Cys, Ser, Ala and Gly (Strisovsky et al, 2009) . The surface of the cavity is formed by a number of amino acids, most notably the side chains of A182, S185, Q189, F197 and A253 ( Figure 6A ). One prediction of our model would be that occlusion of the S 1 cavity would restrict the P 1 specificity to smaller residues, for example glycine. The residue A253 seems a particularly suitable target for mutation, because its side-chain protrudes directly into the entrance of the cavity. Mutation of A253 into valine, threonine, isoleucine or leucine, designed to sterically interfere with the access to the S 1 cavity, had a progressive inhibitory effect on cleavage of wild-type TatA, which contains alanine in the P 1 position. In contrast, these mutations had much less effect on the cleavage of the TatA A8G mutant that contains glycine, the residue with the smallest possible side-chain, in the P 1 position ( Figure 6B ). The strongest differential effect is observed with GlpG_A253I that has only 16% of wild-type GlpG activity on wild-type TatA, but 87% of wild-type GlpG activity on TatA_A8G. This is consistent with the partial occlusion of the S 1 cavity by the A253I mutation preventing binding of the wild-type substrate, but still allowing binding of a mutant with a P 1 glycine. These results support our model of substrate binding at the active site and rationalise the requirement for smaller amino acids at the P 1 position of substrates cleaved by GlpG.
Discussion
We have determined the structure of an acyl enzyme of a rhomboid protease, thereby finally proving that, despite being phylogenetically unrelated and structurally very different to the classical serine proteases, rhomboids have convergently evolved a serine protease mechanism that resembles that of their better-understood counterparts, although with some significant differences. A hallmark of serine proteases is the oxyanion hole, typically defined by the main chain amides of the catalytic serine and a neighbouring glycine, but variations have been found where the side chain Cleavage efficiency (% WT GlpG) Figure 6 (A) S 1 cavity of GlpG: Residues from TM3, TM4, TM6 and loop-1 form the cavity found adjacent to the catalytic dyad. Some of the residues side chain of which points into the cavity are highlighted. (B) Mutations in A253 restrict the P 1 specificity of E. coli GlpG. In vitro translated and radiolabelled TatA and its P1 position mutant A8G (having the smallest possible side chain) were incubated with equimolar amounts of detergent-solubilised and purified wild-type GlpG (253A, red) and its A253I, L,V, and T mutants. Reaction time was 40 and 360 min for wild-type and A8G mutant of TatA, respectively. Reaction products were separated by SDS-PAGE and detected by autoradiography. Substrate conversion values were quantified by densitometry of substrate (S) and product (P) bands. The data shown here are representative of three experiments.
of asparagine or the hydroxyl of serine can also take part in stabilizing the oxyanion (Robertus et al, 1972; Bryan et al, 1986; Carlos et al, 2000) . On the basis of the native GlpG enzyme structure, it has been suggested that a structural rearrangement at the active site might result in the amide of G199 pointing into the active site (Wang et al, 2006) , but the acyl enzyme structure provides no evidence for this. The fact that the carbonyl oxygen of the inhibitor makes a good hydrogen bond to the main chain amide of the catalytic S201 supports the idea that the inhibitor mimics a substrate peptide bond. In turn, this makes a strong case that other nearby residues, like the main chain amide of L200 or the side chains of H150 or N154, have a role in the stabilisation of oxyanion hole. In addition, the importance of N154 and H150 in retaining GlpG activity (Baker et al, 2007) leads us to propose that either of these residues could substitute for chymotrypsin G193 in the oxyanion hole.
Some of the structural changes observed in the acyl enzyme, such as the lifting of the loop-5 or the movement of TM5, were anticipated, but others, such as the movement of Y205 or TM6, were not. Interestingly, the aromatic ring of Y205 has been proposed to stabilise the position of the imidazole ring of the catalytic histidine (Wang et al, 2006) , although the significance of its rotation in the acyl enzyme is presently unclear. It is possible that such a rotation, accompanied by movement of TM helices, is required for the formation of the S 2 0 site. The second covalent bond of the inhibitor to the catalytic histidine does not occur during normal catalysis, and could potentially lead to changes in the protein, such as those observed in complexes of isocoumarin with elastase and trypsin ( Supplementary Figure 2 ; Meyer et al, 1985; Chow et al, 1990; Powers et al, 1990; Vijayalakshmi et al, 1991) . The displacement of TM6 in the acyl enzyme structure is probably an example of such a change. It will therefore be important to obtain a structure with an inhibitor that forms only a single covalent bond to the nucleophilic serine to verify the movement of TM6.
Conformational changes that might occur during rhomboid catalysis have been controversial (Ha, 2009; Urban, 2009) . Although the overall architecture of the multiple reported E. coli GlpG structures (Wang et al, 2006; Wu et al, 2006; Ben-Shem et al, 2007) is similar, variations in TM5 and loop-5 are observed, sometimes even within two molecules in the same crystal (Figure 7A and B; Supplementary Table 1 ). The differences in TM5 are particularly pronounced, varying from an B1.5-Å displacement in one molecule to a tilt of 351 in another ( Figure 7A and B ). Yet another variation is found in the structure of GlpG from H. influenzae (Lemieux et al, 2007) , in which TM5 adopts a different conformation but loop-5 still points to the active site ( Figure 7C ). Such variations combined with biochemical studies have led to the proposal that large movement of TM5 occurs during catalysis. The molecule with the most extreme tilt of the C-terminus of TM5 (molecule A of 2NRF) has been called the open conformation of enzyme, whereas other structures with less apparent movement of TM5 have been proposed to be intermediate states (for review, see Urban, 2009) . It is, however, notable that none of these structures of empty enzymes resemble the conformation of the TM5/loop-5, which we observe for the inhibitor-bound enzyme (Figure 7 ). This leads us to suspect that at least the more extreme variations in TM5 position in these published structures are an effect of the detergent environment and crystal contacts. Consistent with this, the structural change and the movement of TM5 in the acyl enzyme structure are very subtle, confined to displacement by a few angstroms. Of course, it is possible that soaking inhibitor into preformed crystals may restrict the structural change that can occur in the enzyme, and in the absence of a structure of a full enzymesubstrate complex, it is impossible to know for sure whether extreme displacement of TM5 is biologically relevant.
On the basis of the inhibitor-bound structure described here, we propose a relatively simple mechanism for substrate binding and catalysis by rhomboids. In the resting, or closed state of the enzyme, described previously (Wang et al, 2006) and confirmed by us, loop-5 physically caps the active site of GlpG, and the side chains of methionine (247 and 249) points into the active site. The orientation of the inhibitor, in particular the methyl group pointing towards the putative bilayer and small displacement of TM5, add to the growing view that a rhomboid substrate, a type I or III TM protein, interacts with the enzyme at the interface between TM2/TM5 GlpG closed Acyl enzyme 2NRF-molA 2NRF-molB However, the present acyl enzyme structure (pdb coordinates 2XOW), shown in green in all panels, reveals that even in the presence of mechanism-based inhibitor such a large change is not seen. (Baker et al, 2007; Ben-Shem et al, 2007;  for review, see Lemberg and Freeman, 2007a) . This initial interaction between the substrate and the enzyme is likely to involve the displacement of loop-5, followed by interaction of the recognition motif of the substrate with the active site of GlpG, defined by the hydrophilic indentation above the catalytic dyad (Figures 4 and 5 ). This interaction requires flexibility of the polypeptide chain in the region around the cleavage site. If the residues of the scissile bond (P 1 -P 1 0 ) are within the transmembrane (TM) domain, then their alpha helical conformation need to be destabilised, presumably promoted by the presence of TM-helix-destabilising residues (Urban and Freeman, 2003; Maegawa et al, 2007; Strisovsky et al, 2009) . However, if the cleavage site is outside the membrane, TM-helix-destabilising residues become less important. In this case, the juxtamembrane segment linking the recognition motif and the TM domain probably provides the necessary flexibility (Strisovsky et al, 2009) .
Although the sequence of events described above provides a simple view of substrate binding and catalysis in rhomboids, there are several key facts that remain to be addressed. Our inhibitor-bound structure of GlpG shows that the movement of TM5 is probably necessary but it does not tell us when it occurs. Does the initial substrate binding trigger a conformational change or is it caused by binding at the active site? This will become clear when a structure with a substrate TM domain or perhaps an isocoumarin inhibitor with a longer hydrophobic group at position 3 (Figure 1 ) is determined. At present, we also cannot determine the exact path of the N-terminal region of the substrate, which contains the characteristic substrate P 4 residue. A specific cavity is not evident in this region but based on the current peptide model and distance constraints, we suggest that it might involve residues from C-terminal part of TM3, the N-terminal residues of loop-3, and probably loop-1. A role for residues from loop-1, either in interaction with the substrate or as a supporting structural feature to loop-3, would be consistent with loss of activity observed in many mutants at L1-L3 interface (Baker et al, 2007) .
Rhomboids that have been studied are quite specific: they cleave only a small subset of TM domains (Urban et al, 2002; Urban and Freeman, 2003; Lohi et al, 2004; Baker et al, 2006; Strisovsky et al, 2009) . On the basis of the structure and biochemical data, we can now identify the S 1 subsite of the enzyme, and the probable location for the S 2 0 subsite in GlpG. The substrate recognition motif first identified in the TatA rhomboid substrate is also used by diverse rhomboids (Strisovsky et al, 2009) . However, it is conceivable that other members of the rhomboid family may have a different or less stringent recognition motif. For example, cleavage sites in the mitochondrial rhomboid substrates do not seem to contain a TatA-like recognition motif (Herlan et al, 2003; Tatsuta et al, 2007) , and widely different sequences are apparently accepted at their cleavage site (Schafer et al, 2010) . It is likely that different rhomboid specificities will be determined by the size, shape, and position of their S 1 , S 2 0 , and S 4 (or any other) subsites. This study therefore provides a foundation for a structural understanding of biological specificity of rhomboid proteases.
Even with only a relatively few cases having been well studied, it is clear that rhomboids control a wide range of biologically important events. Moreover, there are increasing indications of their potential medical relevance in areas as diverse as protozoan parasite infection, bacterial infection, mitochondrial diseases, diabetes, and cancer. Although there is not yet a fully validated therapeutic opportunity, the case for identifying specific and potent inhibitors of rhomboidsboth as research tools and as leads for possible future drug development-is strong. Understanding the enzyme mechanism and the architecture of the active site covalently bound to an isocoumarin provides an important foundation for the design and optimisation of such inhibitors.
Materials and methods
Protein expression and purification
Full-length GlpG in pET25b vector with a C-terminal His tag was expressed in E. coli BL21 C43(DE3) cells (Miroux and Walker, 1996) in 2YT medium. Cells were induced with 0.5 mM isopropyl thiogalactoside (IPTG) at an OD value of 0.6. At this point, the temperature was reduced to 241C and cells were grown overnight. Cells were collected and broken by two passages in an Emulsiflex (Avestin Systems). Unbroken cells were removed by low-speed centrifugation. The membrane fraction was collected by centrifugation at 100 000 g at 41C for 90 min, and resuspended in 25 mM Tris (pH 8). Membranes at a final protein concentration of 5 mg/ml were solubilised in 1.25 % b-D-decyl maltoside (DM, Anatrace) for 45 min at room temperature (RT). The soluble fraction was collected by centrifugation at 100 000 g for 30 min. NaCl and imidazole were added to the soluble fraction at a final concentration of 0.3 M and 10 mM, respectively, which was then applied to a Ni-NTA column (Qiagen) pre-equilibrated with Tris-HCl (pH 8.0), 300 mM NaCl, and 10 mM imidazole containing 0.2% DM. Two washing steps with 10 mM and 30 mM imidazole removed nonspecifically bound proteins. GlpG was eluted with 0.2 M imidazole. The N-terminal domain of GlpG was removed by digestion with chymotrypsin for 36 h at a ratio of 1:50 (w/w; Wang et al, 2006) . After cleavage, buffer was exchanged to reduce the ionic strength and truncated protein was passed through a Mono-Q (GE Healthcare) ion exchange column pre-equilibrated with 25 mM Tris (pH 8.0) and 0.2% DM. The majority of the truncated GlpG did not bind to column. It eluted in the flow-through peak and allowed much of the N-terminal cleaved product to be separated. GlpG without the N-terminal domain was concentrated with a 10-kDa MWCO concentrator (Vivaspin) and loaded onto a Superdex-200 (16/60) column pre-equilibrated with 25 mM Tris (pH 8.0), 0.15 M NaCl and 0.5% b-D-nonyl glucoside (NG, Anatrace). Peak fractions at B13 ml were collected and concentrated to 7-8 mg/ml before crystallisation.
Rhomboid activity assay and inhibition
The TM domain of Gurken, a rhomboid substrate from Drosophila, was expressed as a fusion protein with an N-terminal maltosebinding protein domain and a C-terminal thioredoxin domain and a His tag (construct pKS34 from Strisovsky et al, 2009 ) in E. coli C43(DE3). Expression, membrane preparation, solubilisation, and purification with nickel affinity column were carried out as described above for GlpG. In a typical rhomboid assay, full-length GlpG (1.3 mM) and substrate (1.45 mM) in a 10 ml reaction in 25 mM HEPES buffer (pH 7.5), 0.15 M NaCl, and 0.2% DM were incubated at 371C for 2 h. Cleavage products were separated on a 10% bis-Tris gel (Invitrogen) developed with MES buffer and bands stained with Coomassie brilliant blue. For inhibition assays, freshly diluted inhibitor at a given concentration was incubated with enzyme (1.3 mM) for 30 min at RT before the addition of substrate. Gels were scanned and bands quantified with ImageQ software (Amersham Pharmacia).
Cloning, purification, and radioactive assay to analyse GlpG S 1 cavity mutants Point mutations were introduced by the QuikChange method (Stratagene) and all mutant constructs were verified by sequencing the whole open reading frames. Full-length wild-type GlpG and its A253 mutant variants were expressed in E. coli C43(DE3), and purified from the membrane fraction in the presence of n-dodecyl-b-D-maltoside (DDM) as described previously (Lemberg et al, 2005 , Stevenson et al, 2007 . Radiolabelled TatA, extended at the N-terminus by a (GS) 4 tag, and its A8G mutant were generated by in vitro transcription and translation as described previously (Strisovsky et al, 2009) . For activity comparison of GlpG A253 mutants, the purified enzymes (0.5 mg) were incubated at equimolar concentrations with 2 ml of radiolabelled substrate in a total of 20 ml of reaction buffer (50 mM HEPES-NaOH (pH 7.5), 0.4 M NaCl, 5 mM EDTA, 10% (v/v) glycerol, and 0.05% (w/v) DDM) at 371C. After the indicated time, the reaction products were precipitated by 10% trichloroacetic acid, separated on 10% Bis-Tris-MES SDS-PAGE, and autoradiographed. Substrate conversion was quantified by densitometry as described previously (Strisovsky et al, 2009 ).
Crystallisation
Our attempts to use constructs corresponding to the truncated version of GlpG often resulted in poorly diffracting crystals, but GlpG truncated with chymotrypsin invariably gave well-diffracting crystals. Crystals of truncated GlpG WT were obtained by mixing a solution of 2.5-3 M ammonium chloride with protein at ratio of 1:1 in hanging drops at 251C. Numerous inhibitors that have been shown to react with soluble serine proteases were tried extensively under many different conditions. We observed that 7-amino-4-chloro-3-methoxy isocoumarin (available as JLK-6 from Tocris) showed most promise. Inhibitor was dissolved in 100% DMSO at a concentration of 45 mM and stored at À201C. For soaking, JLK-6 was first diluted to 4.5 mM in buffer resembling the mother liquor (25 mM Bis-Tris (pH 7.0) and 2.5 M ammonium chloride) with 20% DMSO. Then, single crystals were incubated in a diluted solution with a final inhibitor and DMSO concentration of 1 mM and 7.5%, respectively, for 20 h at 251C. All crystals were cryo-protected by adding 25% glycerol to mother liquor and flash-frozen in liquid nitrogen.
Crystallography
Numerous data sets of GlpG were collected at the I02/I03/I04 beam lines at the Diamond Light Source (Harwell) and at X06SA beam line at the Swiss Light Source (Villgen) to verify whether the enzyme had reacted with inhibitor. Diffraction data were indexed and integrated with imosflm and reduced with SCALA (Powell, 1999; Evans, 2006; Leslie, 2006) . For the structure with inhibitor bound, the coordinates of GlpG (PDB -3B45) with the active-site residues serine, histidine, and loop-5 corresponding to residues 245-249 were omitted as an input model for Phaser (McCoy et al, 2007) . A single solution with an RFZ ¼ 10.1, TFZ ¼ 34.9, and LLG ¼ 1372 was obtained. After rebuilding the active-site serine and histidine, rigid body refinement with simulated annealing was carried out with PHENIX (Adams et al, 2010) , followed by manual model building in COOT (Emsley and Cowtan, 2004) and refinement of individual sites and B factors. Model and library files of ring-opened isocoumarin were obtained from the PRODRG (Schuttelkopf and van Aalten, 2004) server and link files were generated with Jligand. The final model of the inhibitor of GlpG consists of residues 92-270, 16 partially ordered detergent molecules, and 38 water molecules.
For the structure determination of native enzyme, we used coordinates of GlpG (PDB -3B45) with loop-5 corresponding to residues 245-249 omitted as an input model for Phaser, followed by rigid body refinement and individual sites and B factors by PHENIX.
Peptide modelling
The coordinates of the acyl enzyme were used for modelling a substrate at the active site. A tetrapeptide corresponding to the P 2 to P 2 0 site of TatA (Thr-Ala-Ala-Phe) or Gurken (Met-Ala-His-Ile) was manually docked using the constraints that the carbonyl oxygen of scissile bond points towards the oxyanion hole and the amide of P 1 0 is within hydrogen bonding distance to His254. The resulting coordinates were energy minimised with reduced weight from the X-ray data in PHENIX. All the figures were generated with Pymol (Delano, 2002) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
